Transient absorption changes induced by excitation of isolated reaction centers (RCs) from Rhodobacter sphaeroides with 600 nm laser pulses of 20 fs (full width at half maximum) were monitored in the wavelength region of 420-560 nm. The spectral features of the spectrum obtained are characteristic for an electrochromic band shift of the single carotenoid (Car) molecule spheroidene, which is an integral constituent of these RCs. This effect is assigned to an electrochromic bandshift of Car due to the local electric field of the dipole moment formed by electronic excitation of bacteriochlorophyll (BChl) molecule(s) in the neighborhood of Car. Based on the known distances between the pigments, the monomeric BChl (B B ) in the inactive B-branch is inferred to dominate this effect. The excitation of B B at 600 nm leads to a transition into the S 2 state (Q x band), which is followed by rapid internal conversion to the S 1 state (Q y band), thus leading to a change of strength and orientation of the dipole moment, i.e., of the electric field acting on the Car molecule. Therefore, the time course of the electrochromic bandshift reflects the rate of the internal conversion from S 2 to S 1 of B B . The evaluation of the kinetics leads to a value of 30 fs for this relaxation process. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability: from Natural to Artificial.
Introduction
Carotenoids (Cars) are essential constituents of biological organisms. A great variety of about 600 different species exists, and about 150 of these are found in photosynthetic bacteria, algae and higher plants (for recent reviews, see [1] [2] [3] [4] ). Cars exert multiple functions in photosynthetic organisms: (1) light harvesting by acting as accessory pigments [2, 3] , (2) protection to light stress through opening dissipative channels for non-photochemical quenching via radiation-less decay of excess singlet state excitation [4] [5] [6] , (3) indispensable protection against damage by singlet oxygen [7] through highly efficient suppression of both chlorophyll triplet populations via rapid triplet-triplet excitation energy transfer (b1 μs in light harvesting complex II of green plants [8] ) and quenching of singlet oxygen, and (4) carotenoids play a structural role as an essential component for the assembly of antenna complexes [9] .
Apart from these important physiological functions Car molecules also provide very sensitive in situ probes for local electric fields in their microenvironment due to the Stark effect, which gives rise to electrochromic band shifts (for reviews, see [10, 11] and references therein). The direction of these shifts either to the red (bathochromic shift) or to the blue (hypsochromic shift) depends on the mutual orientation of the electric potential gradient (local electric field) and the dipole moment of the pigment. Changes of the electric field in the neighborhood of a pigment cause spectral shifts that can be monitored by time-resolved absorption spectroscopy [10, 11] .
Based on their structural and spectroscopic properties Cars exhibit comparatively large Stark shifts of their absorption bands [12] [13] [14] [15] . Therefore, these pigments are most powerful intrinsic indicators for studies on (i) changes of the local electric field due to either electronic excitation of pigments in the microenvironment or by generation of charges at components close to the Cars and (ii) formation and decay of potential gradients across chromatophore and thylakoid membranes [10] [11] [12] [13] [14] [15] [16] .
The electrochromic effect of Cars due to changes of the electric field generated by excitation of bacteriochlorophyll (BChl) has been clearly illustrated by studies on preparations of the antenna complex LH2 isolated from different anoxygenic photosynthetic bacteria (Rhodobacter sphaeroides, Rhodopseudomonas acidophila and Rhodosprillum molischianum) [16] . Excitation of the samples with sub-ps laser pulses gives rise to ultrashort transient absorption changes that were interpreted as Stark shifts due to changes of the local electric field near the Car molecules upon excited singlet state formation of the BChls [15] . Quantum chemical calculations support this idea. The marked differences observed between Rps. acidophila and Rs. molischianum were shown to originate from a different mutual orientation of the BChl and Car molecules in the two types of LH2 [16] .
A more complex pattern of electrochromic absorption changes is observed in samples that contain reaction centers because in this case electrical field changes are induced by both electronic excitation of pigments and light-induced electron transfer [17, 18] .
Isolated reaction centers (RCs) of purple bacteria contain only one carotenoid molecule [4, 19] , while the corresponding D1/D2 protein matrix of the PSII complex from cyanobacteria, algae and green plants houses two Car molecules [20] [21] [22] . In RCs from Rb. sphaeroides the nature of the Car depends on the growth condition, i.e., either a spheroidene or a spheroidenone molecule is non-covalently bound in a 15-cis-configuration [4, 23, 24] . The crystal structure of the Rb. sphaeroides reaction center (RC) is known at high resolution (for a review, see [25] ). The RC consists of three polypeptides (subunits L, M and H) and contains four BChl, two bacteriopheophytin (Bpheo) and two ubiquinone (Q A and Q B ) molecules, arranged in a roughly symmetric array around a C 2 axis crossing the non-heme iron center within the L/M heterodimeric protein matrix (see Fig. 1 ). Two of these four BChl molecules, which are located near the periplasmic side of the RC complex, form a strongly coupled special pair (P) that serves as the primary electron donor for the light-induced reaction sequence. The remaining two monomeric BChls (denoted B A and B B ), two Bpheos (H A and H B ) and two quinones (Q A and Q B ) are arranged in two branches: (a) the "active" branch A where the electron transfer reactions take place and (b) the "inactive" branch B that is "silent" under normal turnover conditions. This unidirectionality of the electron transfer can be altered by mutagenesis (for a review, see [26] ).
The carotenoid (spheroidene or spheroidenone) molecule in Rb. sphaeroides RCs is asymetrically positioned near to B B on a straight line connecting B B and P at distances of about 4 Å and~10.5 Å from B B and P, respectively [25, [27] [28] [29] [30] . The 15-cis geometry of the carotenoid is optimal for quenching the triplet state 3 P [4, 31] . This quenching by the carotenoid molecule is indispensable in preventing the sensitized reaction of 3 P with molecular oxygen in its triplet ground state resulting in formation of the reactive singlet oxygen 1 Δ g O 2 , which gives rise to photodynamic destructions [4, 31] . On the other hand, excited singlet states of Car formed by light absorption into the "symmetry allowed" S 0 -S 2 transition [32, 31] are transferred to P with a time constant of 2.2 ps and with an efficiency of~75% [32] . Although in the cis-configuration the carotenoid C 2h symmetry is broken in spheroidene molecules attaining the 15,15 -configuration, a S 0 →S 1 transition, which is strongly "symmetry forbidden" in all-trans Cars [32] , is not observed neither in solution or in RC preparations [33] .
Electrochromic band shifts emerge not only from generation of point charges due to light-induced electron transfer steps and transmembrane electric potential gradients but are also expected to arise when BChls in the nearest neighborhood of Car are electronically excited. This effect was clearly illustrated by studies on antenna complexes LH2 from different organisms [16, 34] . Inspection of the RC structure of Rb. sphaeroides reveals that B B is the pigment that is located at the closest distance to the Car molecule (see Fig. 1 ), and therefore, electronic excitation of B B should give rise to the most pronounced effect. In the bacteriochlorin plane of BChl, the transition dipole moments of the Q x (S 0 →S 2 transition) and the Q y (S 0 →S 1 transition) bands are oriented perpendicular to each other (see Fig. 1 ). As a consequence the relaxation from S 2 to the S 1 excited singlet state is accompanied by a change of the electric field (direction and strength) thus giving rise to a change of the electrochromic band shift of Car. Therefore this effect can be used as an indicator for monitoring the kinetics of the very fast S 2 →S 1 relaxation.
In the present study we address this topic by measurements of ultrafast transient Car absorption spectra and the kinetics of the Car absorption shift under Q x excitation (600 nm) of RCs from Rb. sphaeroides with 20 fs laser pulses. It was found that the rate of the bacteriochlorophyll Q x →Q y relaxation is extremely fast and characterized by a rate constant of about (30 fs) − 1 . 
Materials and methods
Cells of the wild-type strain Rb. sphaeroides 2R were obtained from the Microbiology Department, Faculty of Biology, M.V. Lomonosov Moscow State University. The RCs were isolated from chromatophores of this organism by solubilization with 0.5% (w/v) lauryldimethylamine oxide (LDAO) in 10 mM sodium phosphate buffer (pH 7.0) at 4°C for 30 min. The isolation procedure is described in detail in [35] . Isolated RCs of Rb. sphaeroides were suspended in 10 mM sodium phosphate buffer (pH 7.0) containing 0.05% (w/v) LDAO. Subsequently, LDAO was replaced by 0.1% (w/v) sodium cholate via dialysis. This treatment enhanced the stability of the preparations during long-term storage. For the experiments, suspensions of RCs in 10 mM sodium phosphate buffer (pH 8.1), containing 0.1% (w/v) sodium cholate were used. No difference was observed in the absorption spectra of the two types of RC preparations. The absorption spectrum of the sample, shown in Fig. 2 , was measured with a Shimadzu 1601 spectrometer by using a sample cuvette of 1 cm pathlength. The absorbance ratio of 280-800 nm, which is taken as a measure of purity of the Rb. sphaeroides RC preparations, is usually 1.3-1.5. In our RC preparations, ratio is about 1.4, which denotes that the BChl content was virtually the same in buffer suspensions containing either sodium cholate or LDAO.
RCs from Rb. sphaeroides R-26 and the mutant HM182L were isolated in the Institute of Basic Biological Problems as described in [36, 37] . Both types of RCs are characterized by cpecific properties: the R-26 RCs are lacking the single Car molecule spheroidene and in HM182L RCs the accesssory bacteriochlorophyll B B of the inactive branch is replaced by bacteriopheophytin (Bpheo) (see Fig. 1 ). For the experimental studies R-26 RCs were suspended in 10 mM Tris-HCl buffer (pH 8.0) containing 0.1% (v/v) LDAO and purified HM182L RCs were suspended in 20 mM Tris-HCl, pH 8.0/0.1% Triton x100 and 50 mM NaCl. Absorption spectra of R-26 and HM182L reaction centers are shown in Fig. 2 .
The carotenoid spheroidene was isolated from dehydrated chromatophore membranes of Rb. sphaeroides bacteria by extraction with the light fraction of petroleum ether. A dense suspension of chromatophores (250 mg) were grinded during 10 min in the presence of tenfold amount of Na 2 SO 4 , followed by addition of 10 ml of petroleum ether to the material. After sedimentation the liquid was discarded and the remaining material treated with ether again. This procedure was repeated five to six times. The extracts were pooled and then evaporated using a rotor vaporizer at 30°C under flushing with N 2 . The dry sediment was deluted in quinoline. The absorption spectrum of Car in quinoline is shown in Fig. 3 . The femtosecond transient absorption spectrometer used in this study has been described previously [38, 39] . Femtosecond pulses were generated in a Tsunami (Spectra Physics) solid-state titanium-sapphire laser (pulse duration: τ = 80 fs, pulse energy: E = 0.8 nJ, center wavelength: λ = 802 nm, and repetition rate: f = 80 MHz) pumped by the continuous emission of a diode pumped Millenia Vs (Spectra Physics) solid-state laser (λ = 532 nm, average power: P = 4.65 W). After the amplification in a Spitfire (Spectra Physics) regenerative amplifier pumped by an Evolution X (Spectra Physics) laser (P = 8 W, λ = 527 nm, f = 1 kHz, τ = 200 ns) femtosecond pulses with main parameters τ = 90 fs, E = 1.2 mJ, λ = 805 nm and f = 1 kHz were obtained.
The amplified pulses were divided into two beamsexciting and probing pulses. The exciting beam was passed through a delay line with a minimal step of 3.3 fs. Thereafter the laser pulses were directed to a non-collinear optical parametric amplifier (Clark MXR) to generate excitation pulses at 600 nm. At this wavelength laser pulses with full width at half maximum (FWHM)~20 fs, (f = 50 Hz and E = 350 nJ were obtained. A part (100-150 nJ) of this pulsed laser energy was used for the excitation of the RC preparations into the Q x absorption band of BChls.
The second beam of the amplified laser pulse was attenuated to the energy of~1 mJ and focused on a pure water cell to produce a supercontinuum with a spectral range of 390-1000 nm and total energy less than 50 μJ. In his turn, the produced supercontinuum was divided into two channels: probing and reference pulses. Optical signals were registered using a SP-300 (Roper Scientific) CCD camera.
To improve the signal-to-noise ratio 50 laser shots (1 s exposition time) were accumulated for data registration at each delay time between exciting and probing pulses. Transient measurements were performed using a special cuvette with windows of 100 μm thickness and an optical length of 0.5 mm. Sample heating and damage by the laser beams were avoided by a continuous flow of the RC preparations through the light beam area using a pump system. Additional measurements were performed on pure buffer solutions in order to eliminate instrumental artifacts and coherent effects that originate from nonlinear wave mixing and formation of a transient grating due to the temporal interaction between pump and probe pulse at delay times b100 fs. The signals obtained were subtracted from the experimental data. All measurements were performed under the magic angle between pump and probe light. The experimental data were processed using MatLab and Igor Pro Software. [40, 41] . In the 420-550 nm region a typical three-band absorption feature is observed with peaks at 444, 474 and 507 nm due to the S 0 →S 2 transition of carotenoids. A comparison of these data with the spheroidene spectrum in vitro [42] reveals that in the RC the "allowed" strong S 0 →S 2 transition of spheroidene is significantly red shifted relative to its position in solution due to pigment-protein interaction.
Results
Transient absorption spectra of RCs in the region of carotenoid absorption, induced by excitation of the Q x band of BChls at 600 nm, are shown in the part (A) of Fig. 3 . The shape of these spectral changes is typical for a flash induced band shift of the ground state absorption. A closer inspection of the data reveals that the carotenoid band shift is virtually the same for the 0-0 transition at 507 nm and of the vibrational subbands at 444 and 474 nm. In analogy to the data presentation of ref. [16] these spectra are depicted together with the corresponding steady-state absorption spectrum (a.u.) of the sample in the 420-560 spectral region (after subtraction of the baseline). For visual comparison an absorption spectrum of spheroidene deluted in quinoline is shown in this Figure. For better illustration of the carotenoid band shifts, the bottom part of Fig. 3 presents the second derivative of the absorption spectrum in the range from 420 to 530 nm where the peak positions of the Car absorption are located. Inspection of the three transient absorption spectra obtained at time delays of 10, 30 and 60 fs (see Fig. 3A ) shows that after a very short delay time of only 10 fs the carotenoid spectrum is already shifted by about 5 nm to the blue. This effect is the consequence of excitation with a very short actinic pulse of~20 fs duration. The blue shift reaches its maximal value of~7 nm after a time delay of 30 fs, while after a time delay of 60 fs the transient absorption spectrum returns back to the position of the carotenoid steady-state absorption spectrum.
In addition to the negative bands ascribed to Car absorption the second derivative of the steady-state absorption spectrum of spheroidene-containing RCs shown in the bottom part of Fig. 4 exhibits two bands peaking at 533 and 544 nm in the spectral region from 520 to 560 nm. Absorption spectra of RCs monitored at 15 K [43] and 20 K [44] revealed that the Q x transitions of the two bacteriopheophytin molecules are located at 532 (H B ) and 545 (H A ) nm. Therefore, the room temperature spectrum in the bottom part of Fig. 3 reveals that the peak positions of the Q x transition of the two Bpheo molecules H A and H B in the RC from Rb. sphaeroides, wildtype, are located at 544 and 533 nm, respectively. Fig. 4 shows the time course of the ultrafast carotenoid absorption band shifts measured at the red (514 nm) and blue (498 nm) wings of the carotenoid absorption band of the 0-0 transition peaking at 507 nm (see Fig. 3A ). After a blue shift of the carotenoid absorption band the flash induced transients exhibit a negative amplitude when monitored on the red flank of the Car absorption band concomitant with a positive signal at a detection wavelength on the blue flank. For this reason the kinetics at very short times after the actinic laser pulse are characterized by negative amplitudes of ΔA514, whereas those of ΔA498 are positive.
The changes of optical density on the red and blue flanks of the steady-state carotenoid absorption band reflect the same process, in spite of the opposite sign of the signal amplitudes. As a consequence, the negative amplitude of the ΔA514 kinetics and the positive one of the ΔA498 kinetics attain their maximum values when the flash induced carotenoid band shift to the blue reaches its largest extent. This was found to be the case at a time delay of 30 fs (compare the spectra in Fig. 3A and the kinetic traces in Fig. 4A ). After longer delay times the kinetics of both absorption changes return back to the zero level which is reached after a time delay of 60 fs. At delay times longer than 70 fs the absorption changes at both wavelengths attain a positive value, which remains constant up to 1 ps and subsequently partly decay with a time constant of a few ps while the remaining part of ΔA514 stays virtually constant for a relatively long period of up to about 800 ps. The same behavior is observed for the positive ΔA498 signal. Therefore, the signals in this time domain are not dominated by an electrochromic band shift but reflect other processes (see Discussion).
The spectral FWHM of about 50 nm of the 20 fs pulse with a peak wavelength of 600 nm implies that the excitation overlaps with the Q x absorption bands of all Bpheo and BChl molecules and with the red wings of the Car molecule in the RC's. As a result multiple transients are induced upon excitation of all of these species, especially of Bpheo and Car. Therefore routine mathematical procedures for the fitting of kinetic curves cannot be successfully used. The modeling of the absorption band shift dynamics of carotenoid molecules following the excitation of B B molecule of Rb. sphaeroides RC was used for approximating of experimental transient absorption kinetics on the blue (498 nm) and red (514 nm) flanks of 507 nm carotenoid absorption band. The instrumental response function was approximated by a Gaussian curve in the time domain with FWHM equal of 20 fs. The decay component with an average time of 30 fs is assumed to reflect the rate of the Q x →Q y transition of the BChls (see Discussion). It is interesting to note that this time is close to the value of 33 fs obtained for the Q x → Q y relaxation in the special pair P [45] .
Discussion
Carotenoids are characterized by a very high cross-section of Raman scattering [46] . Therefore the excitation of RCs at wavelength that are close to resonance with the carotenoid absorption band can give rise to signals due to the scattering of the pump pulses. In order to check for possible scattering artifacts pump-probe experiments were performed on isolated spheroidene solutions in quinoline. The results presented in Fig. 3 reveal that the absorption spectrum of spheroidene in solution is shifted to the red for~4 nm in comparison with that in RC species. Taking into account that the Car concentration in solution was~4 times higher than that in the RC samples used for the experiment, it is obvious that Raman scattering as well as dynamic Stark (AC Stark) effect appearance should be much higher for Car in solution than for Car in reaction centers.
Inspection of the data, however, shows that no any signals were registered in the pump-probe experiments on spheroidene in solution in the spectral region from 420 to 540 nm (see Fig. 3D and compare it with Fig. 3A ). This finding unambiguously proofs that the data presented in Fig. 3 are not affected by artifacts due to Raman or AC Stark effects.
The assignment of the fs absorption changes in the 420-560 nm spectral region to the electrochromic shift of the Car absorption is strongly supported by the pump-probe experiments on RCs isolated from the carotenoid-less strain R-26 of Rb. sphaeroides. It was found that in the spectral region of interest a wide spectral absorption band is induced under excitation with 20 fs pumping pulse at λ = 600 nm (see Fig. 4A ), whereas the typical features of Car absorption changes (shown in Fig. 4A) carotenoid-less RC are depicted in Fig. 4B . In contrast to the traces with opposite sign in WT RCs (see Fig. 4A ) the two transients of R-26 RCs are of the same direction and of very similar shape (compare Fig. 4B with Fig. 4A ) and reflect simply the rise of optical density due to P ⁎ or P + formation [47] . In marked contrast to the results obtained on suspensions of WT RCs, typical flash-induced electrochromic absorption changes in the Car region are lacking in suspensions of RCs isolated from the carotenoid-less strain R-26 (compare Fig. 4A and B ). This striking difference clearly indicates that we can exclude a significant interference by coherent effects that originate from the direct interaction between pump and probe pulses.Therefore the transient absorption spectra (Fig. 3) , as well as transient absorption kinetics (Fig. 4A) , are assumed to reflect the electrochromic bandshift of the Car absorption spectrum due to excitation of RCs in the bacteriochlorophylls Q x absorption band of Bchls and the subsequent following Q x →Q y relaxation. Fig. 1 reveals that among the RC pigments the B B molecule is located at the closest distance to the Car molecule. Therefore the excited state of B B is expected to give rise to the dominant effect on the electrochromical band shift of the Car spectrum. In order to check for this conclusion we performed analogous pump-probe experiments on HM182L RCs where the B B molecule is replaced by a Bpheo molecule. It was found that the transient absorption kinetics recorded at 514 and 498 nm for both RC species, wild-type and HM182L mutant, are very close in their form but significally differ in amplitudes (data not shown). The amplitudes of absorbance changes monitored on HM182L RCs are four times smaller than those of wild-type RCs. Calculations based on Eq. (1), lead to the conclusion that the electric field F → el t ð Þ in the near vicinity of the Car molecule induced by the electronic excitation of B B is about 5 times larger than that due to the excitation of P.
In order to minimize nonlinear effects, conditions were applied that give rise to excitation of less than 10% of the RCs in the sample. A general problem emerges from the use of ultrashort (~20 fs FWHM) 600 nm actinic laser pulses. The spectral "Heisenberg" width of the pulses, which is~50 nm (see Fig. 1 ), covers the whole range of the Q x transition of all BChls in the RC (P, B A , B B ). Accordingly, all BChls of the RC are excited with virtually the same probability. Moreover, the spectral width of the excitation pulse is so large that it overlaps with the Q x absorption band of Bpheo and even reaches the red wing of spheroidene absorption [48] thus giving rise to direct excitation of the pigments Car or Pheo in a minor fraction of the RCs. This effect can explain the shoulder at ΔA514 as to be due to the contribution from the Q x absorption band of Bpheo.
As a consequence of this spectral overlap of the excitation pulses with several pigments, the data interpretation is rather complicated. After illumination with the actinic pulse at least three distinct electronically excited singlet states of the RCs are populated: 1 
The Q x band of the special pair of RCs from Rhodopseudomonas viridis, centered at 610 nm, is red shifted by about 200 cm − 1 with respect to the position of the Q x transition of the monomer BChl [48] . It is known [49] that the position of the Q x band does not significantly depend on the RC structure. Accordingly, the Q x band of P in the RCs from Rhodobacter sphaeroides can be assumed to be shifted by the same extent as confirmed by reports in the literature [50, 51] . An energetic shift of 200 cm − 1 , which corresponds to kT at room temperature, is negligible small in comparison with the excitation energy of 16,667 cm − 1 at λ = 600 nm. Thus, at room temperature the Q x levels of B A , B B and P can be considered as terms with virtually the same energy. Therefore it is reasonable to suppose that the population of Q x excited states of the different BChls are approximately the same. A markedly different situation emerges for the Q y bands with rather strong transition dipole moments thus giving rise to significant excitonic coupling, in particular for the special pair P [52] . In this case the excited singlet state is fully delocalized in the special pair P and partially delocalized over the four BChls in the RCs.
Within the framework of these properties of the Q x and Q y transitions the time-dependent population of excited singlet states can be discussed. The initial populations of the excited singlet states S 2 in the RCs induced by the spectrally broad 20 fs pulses of 600 nm rapidly decay predominantly via internal conversion because this pathway is much faster than excitation energy transfer (EET) and radiative emission can be ignored. This feature implies that in the time domain of a few tens of femtoseconds the ensemble of RCs in the sample is characterized by an almost equal population probability of 1 
whereas the excitation of the S 2 state of the two BPheo's is rather small (see Fig. 2 ). These excited electronic states affect the local electric field at the single Car of the RCs and cause time dependent electrochromic band shifts of the Car, which is given by the equation [53] :
where Δν, Δ μ → and Δα are the frequency shift, change of "permanent" dipole moment and polarization, respectively, of the Car molecule in its electronic levels of the excited state 1B u + and its ground state 1A g -, ?
F → stat is static local electric field and F → el t ð Þ is time-dependent electric field change at the carotenoid due to electronic excitation of BChl (or BPheo) in the neighborhood.
In order to explain the data of Figs. 3 (top panel) and 4 the nature of F → el t ð Þ has to be analyzed. After excitation at 600 nm with a 20 fs pulse of about 50 nm spectral FWHM all four BChls are excited into the excited singlet state S 2 with the same probability while the excitation of the two BPheos is much less likely (see Fig. 2 ). Accordingly as an approximation only the BChls will be taken into consideration. The strength of the transient electric field F → el t ð Þ at the single Car of the RC strongly depends on the distance to the electronically excited BChl molecule. Inspection of Fig. 1 reveals that the monomeric B B is located much closer to the Car (~4 Å) compared to the other three BChls (~10.5 Å to P and 23 Å to B A [25, [27] [28] [29] [30] ). Therefore it appears reasonable to assume that the transient electrochromic effect on Car due to electronic excitation of the BChls by the 20 fs pulse is dominated by the electric field F → el t ð Þof the excited singlet state S 2 of B B . A decay of S 2 into S 1 via internal relaxation (IC) gives rise to a marked change of the electric field due to reorientation of the transition dipole moment by 90°C (as illustrated in Fig. 1 ). As a consequence the time course of the transient electrochromic effect on Car should coincide with the kinetics of the internal conversion from S 2 to S 1 at B B . Therefore the 30 fs relaxation of the transient absorption changes is interpreted as the IC rate of B B . This conclusion can be extrapolated to the other monomeric BChl molecules B A of the RC and probably also to the two BChls of the special pair because the IC rate of P was recently found to be 33 fs [47] . Fig. 3 reveals that the spectrum of flash induced transient absorption changes at a delay time of 60 fs is similar to the second derivative of the ground absorption spectrum of Car. This spectral form corresponds to a situation where half of the Car molecules exhibits a spectral shift to the blue whereas the other half is shifted to the red. It is known that this feature arises in the case of randomly oriented pigments in a constant electric field [18, 54] taking into account that the direction of the dipoles formed due to the Q x and Q y transition approximately coincides with the direction of corresponding transition dipoles [16] . We have calculated the resulting electric field in the vicinity of the single Car molecule of the RCs originating from the dipoles generated as a result of the population of excited states in the Q x and Q y transition of the B B molecule. This calculation revealed that the strength of the resulting electric field is virtually the same for both transitions but the direction is of opposite sign. We estimated that at a delay time of~60 fs nearly half of excited BChl molecules are in the Q x state whereas an other half are in the Q y state. Thus, at this time the resultant electrochromic spectrum corresponds to the case where approximately half of the Car molecules of the RC ensemble are spectrally shifted to the blue (Q x state of B B ) whereas the other half is shifted to the red (Q y state of B B ). As a result the transient absorption spectrum monitored at a delay time of 60 fs nearly corresponds to the second derivative of the ground absorption spectrum of Car. Taking into consideration the FWHM of the excited pulse (~20 fs) as well as depopulation of B B excited state due to the energy migration to P (~100 fs) [55] we calculated that the time of the Q x →Q y transition is less than 35 fs. This rough estimation supports the value 30 fs gathered from the kinetics of the electrochromic shift shown on Fig. 4A .
After population of the lowest excited singlet state S 1 not only the [16, 34] and are analyzed in detail in [16] . The results of the present study, however, reveal that in marked contrast to the characteristic features (opposite sign of ΔA(t) at the blue and red wing of the 507 nm band) of an electrochromic band shift in the short time domain, the ΔA(t) traces at delay times longer than 70 fs after the actinic flash exhibit the same (position) sign at 498 and 514 nm (see Fig. 4B ). Therefore these absorption changes are assumed not predominantly reflecting an electrochromic shift of Car absorption but are due to other effects. In this respect it must be emphasized that ΔA(t) in this time domain is the composite of different overlapping contributions originating from fast EET from 1 B B ⁎ to P, excited state absorption, stimulated emission and ground state depletion. It is remarkable that hardly any change is observed in the time of up to 800 fs, except of some small oscillations that might reflect wave packet movements within the potential curve of the excited singlet state S 1 of P as outlined in ref [56, 57] . The decay with life times of about 3 ps is ascribed to the primary charge separation step [58] .
In contrast to the assignment of the electrochromic signals of Car to the S 2 state of 1 B B ⁎ (Q x ), the present data do not permit a straightforward elucidation of possible local electric field effects that might arise from the population of the S 1 states because of their excitonic coupling and EET processes. Further experiments are required to clarify this point.
